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The regulation by two transcriptional activators of flagellar expression (FlhD and FlhC) and the chemotaxis
methyl-accepting protein Aer was studied with glass slide DNA microarrays. An flhD::Kan insertion and an aer
deletion were independently introduced into two Escherichia coli K-12 strains, and the effects upon gene
regulation were investigated. Altogether, the flhD::Kan insertion altered the expression of 29 operons of known
function. Among them was Aer, which in turn regulated a subset of these operons, namely, the ones involved
in anaerobic respiration and the Entner-Doudoroff pathway. In addition, FlhD/FlhC repressed enzymes
involved in aerobic respiration and regulated many other metabolic enzymes and transporters in an Aer-
independent manner. Expression of 12 genes of uncharacterized function was also affected. FlhD increased
gltBD, gcvTHP, and ompT expression. The regulation of half of these genes was subsequently confirmed with
reporter gene fusions, enzyme assays, and real-time PCR. Growth phenotypes of flhD and flhC mutants were
determined with Phenotype MicroArrays and correlated with gene expression.

The Escherichia coli flagellar regulon consists of 14 operons
expressed in a transcriptional hierarchy (for a review see ref-
erence 35). The flagellar master operon flhDC consists of flhD
and flhC (4). The active complex is a heterotetramer (C2D2)
that binds to the upstream sequences of class II promoters
(24). FlhD/FlhC also has nonflagellar targets. Previous work
with Panorama E. coli gene arrays (Sigma GenoSys, The
Woodlands, Tex.) and lacZ fusions determined that FlhD/FlhC
regulates the transporter for galactose (mglBAC), the rod-
shape determination proteins (mreBCD), the tricarboxylic acid
(TCA) cycle enzyme malate dehydrogenase (mdh), and five
enzymes involved in anaerobic respiration (41).

Although FlhD alone does not bind to class II flagellar
promoters, FlhD without the involvement of FlhC is involved
in the regulation of the cell division rate (36). Mutants with
mutations in flhD, but not those with mutations in flhC, con-
tinued to divide rapidly as they entered stationary phase. This
was mediated by cadA (39), the second gene in the cadBA
operon, encoding lysine decarboxylase (28, 29, 58).

In this study, glass slide genomic microarrays were used to
study transcriptional regulation by FlhD and FlhC. Altogether,
29 operons that have a characterized function and 12 genes of
unknown function were affected by FlhD or FlhD/FlhC. While
the regulation of anaerobic respiration involved the oxygen
sensor Aer, aerobic regulation appeared to be unaffected by
this protein.

MATERIALS AND METHODS

Bacterial strains and plasmids. Strains and plasmids are presented in Table 1.
MC1000 was derived by crossing the araD139 �(araA-leu)7697 allele of D7091
Hfr into M182 (M. Casadaban). MC1000 flhD::Kan contains a kanamycin resis-
tance gene inserted into flhD which exhibits a polar effect upon the expression of
flhC (26). YK410 was used as a second parental strain (23). YK4131 (flhD A32D)
and YK4136 (flhC N70T) contain point mutations (C. Barker and P. Matsumura,
unpublished data). UU1245 [(aer)DE1 argD::Gen] contains a deletion in aer and
an insertion of a gentamicin resistance element in the neighboring gene argD (6),
and UU1246 contains only the argD::Gen allele. The lacZ fusion strains were
described previously (41, 49, 57). Transcriptional fusions to Photorhabdus lumi-
nescens luxCDABE were from the LuxA library of E. coli chromosomal DNA
segments in the moderate-copy-number plasmid pDEW201 (53–55) or the LuxZ
library. The LuxZ library was constructed in the same manner as the LuxA
library (53), except that E. coli chromosomal DNA fragments with an average
size of approximately 0.7 kb were used. DNA sequence data from 4,608 plasmids
were used for homology searching and mapping to the E. coli genome, as
previously described (54), resulting in 1,799 genome-registered gene fusions.

Microarray fabrication. E. coli genomic DNA from MG1655 was used as
template for the PCR step. The E. coli annotation within the ERGO database
(Integrated Genomics) identifies 4,485 open reading frames. Primers were de-
signed such that the most distinctive 300-bp region of 4,442 of the open reading
frames was amplified with consecutive rounds of PCR. PCR products were
resuspended in 15 �l of spotting buffer (3� SSC [1� SSC is 0.15 M NaCl plus
0.015 M sodium citrate], 1.5 M betaine [14]) and printed in triplicate onto
amino-alkylsilane slides (Sigma) with an OmniGrid arrayer (Gene Machines) by
using Telechem SMP3 split pins. The DNA was cross-linked to the slides with
UV light. Residual salt and unbound DNA were removed by rinsing the slides
with 0.5% sodium dodecyl sulfate and water.

RNA isolation, cDNA probe synthesis, and hybridization conditions. Over-
night cultures of wild-type cells and the respective mutants were diluted 1:100
into 20 ml of Luria-Bertani broth (LB; 1% tryptone, 0.5% yeast extract, 1%
NaCl) in a 250-ml Erlenmeyer flask. Cultures were grown aerobically at 34°C
under constant shaking at 250 rpm. After reaching an optical density at 600 nm
(OD600) of 0.5, growth of the culture and RNA degradation were inhibited by
adding 2 ml of stop solution (5% phenol in ethanol). Bacterial pellets were flash
frozen in liquid nitrogen and stored at �70°C. RNA was isolated with the hot
phenol-sodium dodecyl sulfate method (9), with one phenol, one phenol-chlo-
roform, and one chloroform extraction, followed by isopropanol precipitation.

* Corresponding author. Mailing address: Department of Microbi-
ology and Immunology (M/C 790), College of Medicine, E-603 Med-
ical Sciences Building, 835 S. Wolcott Ave., Chicago, IL 60612-7344.
Phone: (312) 413-0288. Fax: (312) 413-2952. E-mail: pruess
@UIC.EDU.

534



Final cleanup of the RNA was performed with an RNeasy mini column (Qiagen).
Fluorescent cDNA probes were produced by aminoallyl reverse transcription
and purified (http://cmgm.stanford.edu/pbrown/protocols/aadUTPCoupling Pro-
cedure.htm). Samples were dried and resuspended in 100 �l of Sigma Arrayhyb
low-temperature hybridization solution (Sigma), supplemented with 1 �g each of
salmon sperm DNA and yeast tRNA and subsequently combined with a com-
plementary labeled cDNA. Hybridizations were performed in a GeneTAC Hyb-
Station instrument (Genomic Solutions).

Data analysis, quality control, and threshold determination. Arrays were
scanned on a GenePix 4000B array scanner (Axon Instruments) at 635 and 532
nm. Photomultiplier tube voltages were adjusted to give the maximum signal
from each channel without bleaching any of the features within the confocal
image. Images were analyzed with GenePix Pro 3.0 (Axon Instruments).

Median intensities were used to determine the log ratio of medians (log
expression ratios), which are indicated as positive for induced genes and negative
for repressed genes. Each experiment was performed four or five times, with
RNA obtained from three or four independent bacterial cultures. The exact
numbers of technical and biological replicates are indicated in the footnotes to
Tables 2 and 3 . Averages of the means and standard deviations were determined
for each gene.

When differences between arrays occurred, a cross normalization was per-
formed. Each block on the slide contained 12 control spots of human DNA in
ratios from 1:30 to 30:1. Experimental ratios of these spots were determined and
compared with the theoretical ratios. In cases with more than a 25% difference
between slides, ratios were normalized to the differences for the control spots. In
a few cases, the control spots did not yield an acceptable correlation between
theoretical and experimental ratios and the slides were discarded.

To define a threshold level of significant difference, RNA from MC1000 was
labeled with Cy3 and Cy5 and hybridized to a slide. Spot intensities of one
sample were plotted against the spot intensities of the other sample (data not
shown). Over 95% of the data fell within the twofold range, and about 98% were
within threefold. An arbitrary significant expression ratio threshold was defined
as twofold (log expression ratio higher than 0.3 or lower than �0.3).

The presence of about 50 flagellar genes was used as positive control. RNA
from the isogenic strain couples MC1000-MC1000 flhD::Kan and YK410-YK410
flhD::Kan was labeled with Cy3 and Cy5 and hybridized to a slide. Spot inten-
sities were compared (data not shown). Most flagellar genes were regulated in
both backgrounds. However, some genes appeared to be regulated in only one
strain. Likewise, not every gene within an operon always appeared to be induced.
As a practical matter, we have focused on operons rather than individual genes
throughout this work. An operon is considered regulated when the majority of

the genes exhibit regulation, and a gene is considered regulated when it is
regulated in at least one strain. In the Results, we demonstrate with reporter
gene fusions and enzyme assays that the majority of these genes are indeed
regulated in both genetic backgrounds even though regulation could not be
detected by gene array.

Phenotype MicroArrays. Phenotype MicroArrays were obtained from Biolog.
These are 96-well microtiter plates with a different cell culture medium dried to
the bottom of each well. These media are designed to test unique cellular
phenotypes. Electrons produced during respiration are transferred to an indica-
tor dye, resulting in a dark purple color (8).

Bacteria were grown overnight on R2A or Biolog universal growth agar, as
recommended by the manufacturer (Biolog). Standardized cell suspensions were
produced with the 85%T turbidity standard. Thymine, thiamine, histidine, and
uracil were added at a concentration of 0.2%, and 100 �l was added to each well.
Growth was monitored with an EL311 Microplate Autoreader (Bio-Tek Instru-
ments) at 630 nm and analyzed after 24 h. The blank value was subtracted from
each well, and the OD630 of the wild-type culture was divided by the OD630 of the
mutants. Growth ratios above 1 indicate nutrients that provided better growth
conditions for wild-type cultures. The growth of MC1000 was compared in two
independent experiments. Of 95 data points, 70% were within 1 standard devi-
ation and 94% were within 2 standard deviations from the average. A threshold
level of a significant difference in growth was defined as a growth ratio above 2
or below 0.5. Only nutrients that allowed one of the cultures to grow to an OD630

of at least 0.4 were considered.
Determination of enzyme activities. Triplicate cultures were inoculated 1:100

from overnight culture and grown at 34°C in LB. The activity of �-galactosidase
from the flhD::lacZ strain was determined and expressed as Miller units (41).
Light production from the edd::luxCDABE strain was measured over 2 s in a
MiniLumat 9506 luminometer (EG & G Berthold) and expressed as specific light
units (light intensity per milliliter of culture/OD600). The activity of succinate
dehydrogenase was determined as described previously (25) and expressed as
specific activity (nanokatals per milligram).

Real-time PCR. Real-time PCR was performed with the same RNA samples
used in the arrays. The PCR was performed with the SYBR Green kit from PE
Biosystems. The reaction mixture contained 100 ng of cDNA, 1� SYBR Green
buffer, 2.5 mM MgCl2, 0.25 mM (each) deoxynucleoside triphosphates, 0.05 �M
(each) primer (gcvT, CGAAGCTCACCAAAAGCGGC and GTATTAAACAG
TGTGGCAGC; gcvH, ATGAGCAACGTACCAGCAGAAC and TTACTGGT
CTTCTAACAATGC; gcvP, CACCGCCTGCAGCTACCGC and GCCACGA
AGAAGCGGTTGGC; dadA, TTACCCAATGATGAAACCGG and AAGAA
TGGTGGATACCGGCGC; dadX, GCCTGACCACCTGCGTACACAG and

TABLE 1. E. coli strains and plasmids used in this study

Strain or plasmid Relevant genotype Reference or
source

Strains
D7091 Hfr araD139 �(araA-leu)7697 trp86 relA1 spoT1 metB1 rpoB mal J. R. Beckwith
M182 F� �(lacI-Y)74 galE15 galK16 �� relA1 rpsL150 spoT1 e14� S. Brenner
MC1000 F� araD139 �(araA-leu)7697 �(lacI-Y)74 galE15 galK16 �� relA1 rpsL150 spoT1 e14� M. Casadaban
MC1000 flhD::Kan flhD::Kan 26
YK410 F� araD139 lacU169 strA thi pyrC46 nalA thyA his 23
YK4131 YK410 flhD (A32D) This study
YK4136 YK410 flhC (N70T) This study
UU1245 (aer) DE1 argD::Gen 6
UU1246 argD::Gen J. S. Parkinson
PC25 dmsA::lacZ 49
HW2 napA::lacZ 49
HW1 nrfA::lacZ 57
LK1 frdA::lacZ 49

Plasmids
pBP18 mglB::lacZ 41
pBP20 glpA::lacZ 41
pDEW533 aer::luxCDABE T. K. Van Dyk
pDEW534 serA::luxCDABE T. K. Van Dyk
pDEW535 edd::luxCDABE T. K. Van Dyk
pDEW559 gltBD::luxCDABE T. K. Van Dyk
pDEW560 gcvTHP::luxCDABE T. K. Van Dyk
pDEW656 narK::luxCDABE T. K. Van Dyk
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CGTGGCGCGGATAACCGTCGGC; gltB, CCCTCTCCTCTCTGCCACGC
and GTGATGGTGTTGATTTCTCCG; gltD, GCTCACCTTCGGTATTCCG
GCC and CCGGTTCGCCCATTTCGGTACGC; ompT, CTGGGAATAGTCC
TGACAACCCC and CTCCTCAGAACTGTAGATATAGG; fliA, GCGTAAC
CGTTTAATAGCCTGGC and GGCAGCGTTATGTCCCGCTGG; flhD,
GCAAGCGTGTTGAGAGCATGATGC and GGAATAATGCACACGGGG
TGCGG), 0.01 U of AmpErase uracil N-glycosylase, and 1 U of Taq gold
polymerase. The reaction was performed with 50 cycles of 30 s at 94°C, 30 s at
55°C, and 1 min at 72°C and monitored in an iCycler iQ real-time PCR detection
system (Bio-Rad). A standard curve was derived from plasmid and used to
convert threshold crossings to log copy numbers. Expression ratios were obtained
by dividing copy numbers of wild-type cells by those of the mutants. The fliA
gene, used as a positive control, yielded expression ratios of more than 100-fold.
All PCR fragments yielded a single band on an agarose gel.

RESULTS

Gene array analysis. RNA from parental strains and
flhD::Kan derivatives of MC1000 and YK410 was labeled with
Cy3 and Cy5, respectively, and log expression ratios were de-
termined. Nonflagellar genes affected by the flhD::Kan muta-
tion were ordered in four functional categories and are listed in
Table 2. Many of these genes are regulated in response to
changes in the oxygen concentration of the medium. A single
oxygen-sensor-related gene, aer, was affected by flhD::Kan. Aer
is a chemoreceptor and senses intracellular energy levels and
couples them to the chemotaxis signaling pathways (6, 42).
RNA from strain MC1000 and its aer(DE1) argD::Gen deriv-
ative was isolated and labeled with Cy3 and Cy5, respectively.
A control experiment with a strain containing only the
argD::Gen insertion distinguished the effects of the aer deletion
and the argD insertion. Genes affected by aer(DE1) argD::Gen
and unaffected by argD::Gen are included in Table 2. In two
additional array experiments, the expression profile of YK410
was compared to that of its isogenic flhD (YK4131) and flhC
(YK4136) mutants. Four operons appeared differentially reg-
ulated (Table 3). The results of all array experiments are sum-
marized in Fig. 1 and discussed below.

FlhD/FlhC regulates components of energy metabolism
(functional group I). Seven components of anaerobic respira-
tion were induced by FlhD/FlhC (Table 2). In contrast,
sdhCDAB (succinate dehydrogenase) and cyoBCDE (cyto-
chrome o ubiquinol oxidase) of the aerobic respiratory chain
were repressed by FlhD/FlhC. The edd gene encodes 6-phos-
phogluconate dehydratase and is part of the Entner-Doudoroff
pathway. Regulation of genes involved in anaerobic respiration
and the Entner-Doudoroff pathway involved the methyl-ac-
cepting chemotaxis protein and oxygen sensor Aer (Table 2).

To test the predictions derived from the array experiments,
measurements of transcriptional activity were performed.
Fourteen of 28 operons with known function that were affected
by the flhD::Kan mutation in MC1000 or YK410 (Table 2)
were tested with reporter gene fusions, enzyme assay, or real-
time PCR. Cultures were grown for 10 h, and the maximal
expression levels were compared between the parental strains
and the mutants. All targets tested were confirmed in MC1000,
YK410, or both (Table 4). Our initial hypothesis that regula-
tion may take place in both backgrounds even when it can be
detected by microarray in only one of the two parental strains
was confirmed. For example, the reporter gene fusion was able
to detect regulation of edd and serA in YK410. Overall, control
experiments correlated well with the gene arrays. Regulation

of dmsA, nrfA, frdA, napF, glpA, and edd by Aer was tested with
lacZ and lux fusions (Table 4). As a sole exception, regulation
of napF was not detectable with the lacZ fusion strain. Aer is
confirmed as a regulator of enzymes involved in anaerobic
respiration and the Entner-Doudoroff pathway and is, there-
fore, the first of the methyl-accepting chemotaxis proteins that
has a demonstrated function in gene regulation.

FlhD/FlhC is able to up- and down-regulate gene expression.
While several complexes of the anaerobic respiration were
up-regulated by FlhD/FlhC, some enzymes of the aerobic res-
piration were down-regulated. FlhD/FlhC may be an important
factor in the switch from aerobic to anaerobic respiration as
cultures deplete oxygen from the medium during prolonged
growth in batch culture. These findings are summarized in Fig.
2.

Since many of the nonflagellar targets of FlhD/FlhC are
involved in metabolism, it is possible that flhD/flhC mutants
may have multiple metabolic phenotypes. Phenotype MicroAr-
ray technology was applied to determine these phenotypes.
Cell suspensions of strains MC1000, MC1000 flhD::Kan,
YK410, YK4131, and YK4136 were inoculated onto PM1
plates, containing 95 single carbon sources. The only carbon
sources that showed consistent differences in the two genetic
backgrounds are shown in Fig. 3A, comparing the growth ra-
tios for D-gluconate, D-glucuronate, and D-galacturonate in the
strain pairings MC1000-MC1000 flhD::Kan, YK410-YK4131,
and YK410-YK4136. Wild-type strains MC1000 and YK410
grew better on D-gluconate, D-glucuronate, and D-galactur-
onate than did their respective flhD, flhC, or flhD/flhC mutants.
Mutants with mutations in aer did not grow on PM1 plates at
all (data not shown).

The enzyme responsible for the degradation of D-gluconate,
D-glucuronate, and D-galacturonate is 2-keto-3-deoxy-D-glu-
conate 6-phosphate aldolase (EC 4.2.1.14), encoded by eda and
the key enzyme of the Entner-Doudoroff pathway (17). The
eda gene is the second gene in the edd operon, which is tran-
scribed as one transcript (15). The gene edd was regulated by
FlhD/FlhC and Aer as shown by gene array (Table 2) and
fusions of edd to luxCDABE (Table 4). The growth defect of
the mutants on key metabolites of the Entner-Doudoroff path-
way together with their reduced expression of edd indicates
that FlhD/FlhC is a regulator of the Entner-Doudoroff path-
way. This is the first demonstration of a correlation between
phenotypes derived from Phenotype MicroArray technology
with gene regulation and shows how Phenotype MicroArrays
can be used to detect pathways that are regulated by a certain
transcriptional regulator. Since D-gluconate, D-glucuronate,
and D-galacturonate are the only carbon sources that yielded
consistent results during three to five experiments, it is likely
that the Entner-Doudoroff pathway is among the more impor-
tant pathways that are regulated by FlhD/FlhC.

FlhD/FlhC and FlhD regulate other metabolic enzymes
(functional group II). Other metabolic enzymes that are reg-
ulated by FlhD/FlhC or FlhD are the products of cadBA (ly-
sine-cadaverine transporter and lysine decarboxylase), dadAX
(D-amino acid dehydrogenase and alanine racemase), gatYZAB
(tagatose bisphosphate aldolase, tagatose 6-phosphate kinase,
and phosphotransferase [PTS] system), tnaLAB (tryptopha-
nase leader peptide, tryptophanase, and permease), gltBD (glu-
tamate synthase), serA (D-3-phosphoglycerate dehydrogenase),
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TABLE 2. E. coli nonflagellar genes regulated by FlhD/FlhC or Aera

Gene
Log expression ratio

Function of the protein
MC/flhDCb YK/flhDC MC/aer

fdnG 0.5 � 0.1b 	1.3 1 � 0.55 Formate dehydrogenase (1.2.1.2)
csgG NR 	1.3 NR Biosynthesis of curli
aer 0.58 � 0.15 	1.3 NR Oxygen sensing
narK 0.58 � 0.15b 	1.3 NR Nitrate transport
yjiY NR 	1.3 NR Hypothetical protein
tnaL 0.3 � 0.04 1.23 � 0.58 NR Tryptophanase leader peptide
yfiD NR 1.2 � 0.33 0.78 � 0.39 Pyruvate-formate lyase homolog
frdA NR 1.1 � 0.4 0.73 � 0.17 Fumarate reductase (1.3.99.1)
tnaA NR 1.08 � 0.04 NR Tryptophanase (4.1.99.1)
tnaB NR 1.08 � 0.08 NR Tryptophan permease
yhjX NR 1.08 � 0.04 NR Putative drug transport
napC NR 1.04 � 0.33 0.85 � 0.46 Nitrate reductase, periplasmic (1.7.99.4)
ycgC 0.49 � 0.29 1.04 � 0.11 0.82 � 0.47 Putative PTS system
fdnI 0.32 � 0.06b 1 � 0.25 0.78 � 0.18 Formate dehydrogenase
hybC NR 1 � 0.4 NR Hydrogenase 2
hybA NR 0.95 � 0.34 NR Hydrogenase 2
yjiX NR 0.95 � 0.3 NR Hypothetical protein
ycdB 0.65 � 0.26 0.94 � 0.22 0.8 � 0.15 Hypothetical protein
hybE NR 0.93 � 0.29 NR Hydrogenase 2
napF NR 0.89 � 0.25 0.53 � 0.17 Nitrate reductase, periplasmic
napH NR 0.89 � 0.19 0.73 � 0.28 Nitrate reductase, periplasmic
ybhB 0.76 � 0.26 0.85 � 0.35 NR Hypothetical protein
gatZ NR 0.83 � 0.17 NR Tagatose 6-phosphate kinase (2.7.1.144)
ydcD 	2 0.82 � 0.38 NR Hypothetical protein
ybhA 	1.3 0.8 � 0.42 NR Putative phosphatase
yjiA NR 0.8 � 0.34 NR Putative carbon starvation protein
gatA NR 0.76 � 0.14 NR PTS system, galactitol
dmsA NR 0.75 � 0.36 1.2 � 0.5 DMSO reductase (1.8.99.�)
cadA NR 0.75 � 0.26 NR Lysine decarboxylase (4.1.1.18)
carB 0.66 � 0.1 0.74 � 0.15 NR Carbamoylphosphate synthetase (6.3.5.5)
dmsC NR 0.72 � 0.1 0.56 � 0.05 DMSO reductase
cadB NR 0.72 � 0.23 NR Lysine-cadaverine transport
hybD NR 0.72 � 0.28 NR Hydrogenase 2
hdeA NR 0.72 � 0.47 	1.3 Hypothetical protein
frdB NR 0.7 � 0.34 0.4 � 0.1 Fumarate reductase
csgF 0.7 � 0b NR NR Biosynthesis of curli
hybF NR 0.68 � 0.21 NR Hydrogenase 2
nrfB 0.6 � 0.01b 0.67 � 0.1 0.52 � 0.14 Nitrite reductase (1.6.6.4)
fdnH 0.3 � 0.06b 0.67 � 0.14 0.43 � 0.08 Formate dehydrogenase
frdC NR 0.65 � 0.33 0.4 � 0.11 Fumarate reductase
csgA NR 0.66 � 0.3 NR Biosynthesis of curli
carA 0.8 � 0.4 0.64 � 0.2 NR Carbamoylphosphate synthetase
dmsB NR 0.63 � 0.06 0.56 � 0.05 DMSO reductase
napB 0.3 � 0.06b 0.57 � 0.03 0.32 � 0.09 Nitrate reductase, periplasmic
dppA 0.56 � 0.3 NR NR Dipeptide permease
dadA 0.56 � 0.14 NR NR D-Amino acid dehydrogenase (1.4.99.1)
frdD 0.34 � 0.1 0.54 � 0.28 0.36 � 0.08 Fumarate reductase
dadX 0.5 � 0.03 NR NR Alanine racemase (5.1.1.1)
gltB 0.5 � 0.2 ND NR Glutamate synthase, large subunit (1.4.1.13)
napG NR 0.46 � 0.08 0.75 � 0.37 Nitrate reductase, periplasmic
nrfA NR 0.46 � 0.09 0.43 � 0.06 Nitrite reductase
serA 0.46 � 0.01b NR NR D-3-Phosphoglycerate synthase (1.1.1.95)
napA NR 0.45 � 0.06 0.45 � 0.06 Nitrate reductase, periplasmic
gltD 0.34 � 0.05 0.45 � 0.03 NR Glutamate synthase, small subunit
malE NR 0.45 � 0.12 NR Maltose transport
glpB NR 0.43 � 0.11 NR Glycerol 3-phosphate dehydrogenase, anaerobic (1.1.99.5)
hdeB NR 0.41 � 0.09 	1.7 Hypothetical protein
gatY NR 0.41 � 0.09 NR D-Tagatose-1,6-bisphosphate aldolase (4.1.2.40)
dppB 0.4 � 0.1 NR NR Dipeptide transport
dppC 0.4 � 0.1 NR NR Dipeptide transport
rbsA 1 � 0.4 0.39 � 0.15 NR Ribose transport
glpA NR 0.38 � 0.06 1.1 � 0.9 Glycerol 3-phosphate dehydrogenase, anaerobic
edd 0.34 � 0.05 NR 0.72 � 0.23 6-Phosphogluconate dehydratase (4.2.1.12)
gatB NR 0.32 � 0.08 NR PTS system, galactitol
dppD 0.3 � 0.1 NR NR Dipeptide transport
gcvP �0.3 � 0.58 NR NR Glycine dehydrogenase (1.4.4.2)
sdhA NR �0.34 � 0.06 NR Succinate dehydrogenase (1.3.99.1)

Continued on following page
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carAB (carbamoylphosphate synthetase), and gcvTHP (glycine
cleavage system). These genes are all involved in carbon and
nitrogen metabolism (Table 2).

To distinguish between an effect of FlhD/FlhC and one of
FlhD upon gene expression, the expression profile of YK410
was compared to that of the flhD (YK4131) and flhC (YK4136)
mutants. Four operons appeared differentially regulated (Ta-
ble 3). FlhD, but not FlhC, was an inducer of dadA, dadX, gcvT,
gcvH, gcvP, gltB, gltD, and ompT expression. Even though reg-
ulation of ompT could not be detected with the FlhD/FlhC
arrays (Table 3), we considered it a putative target for further

analysis. The putative targets were tested with real-time PCR,
with use of the same RNA sample as that for the gene array.
With the exception of dadX, all genes were expressed more
highly in the wild-type cells than in the flhD mutants. Occa-
sionally, expression was even higher in the flhC mutant (Table
4).

Phenotypes related to these genes and caused by the muta-
tion in flhD were determined with Phenotype MicroArrays.
Cell suspensions of strains MC1000, MC1000 flhD::Kan,
YK410, YK4131 (flhD), and YK4136 (flhC) were inoculated
onto PM3 plates, containing 95 individual nitrogen sources.

FIG. 1. Pathways of FlhD regulation. The cartoon describes the operons that were regulated by FlhD, FlhD/FlhC, or Aer as determined by gene
array. Operons that were confirmed by reporter gene fusion, enzyme assay, or real-time PCR are printed in boldface. Also included are targets
that were previously identified (references 39 and 41, indicated by superscript numerals 1 and 2, respectively).

TABLE 2—Continued

Gene
Log expression ratio

Function of the protein
MC/flhDCb YK/flhDC MC/aer

cyoD NR �0.4 � 0.18 NR Cytochrome o ubiquinol oxidase
cyoE NR �0.41 � 0.19 NR Cytochrome o ubiquinol oxidase
gcvH �0.46 � 0.08 NR NR Glycine cleavage system H protein
gcvT �0.49 � 0.08 NR NR Aminomethyltransferase (2.1.2.10)
sdhB NR �0.58 � 0.19 NR Succinate dehydrogenase
gltA �0.34 � 0.06 �0.6 � 0.06 NR Citrate synthase (4.1.3.7)
mglC NR �0.62 � 0.31 NR Galactose binding
cyoB NR �0.65 � 0.32 NR Cytochrome o ubiquinol oxidase
sdhD NR �0.65 � 0.09 NR Succinate dehydrogenase
cyoC NR �0.7 � 0.4 NR Cytochrome o ubiquinol oxidase
oppC �0.32 � 0.09 �0.74 � 0.27 NR Oligopeptide transport
oppD �0.32 � 0.03 �0.74 � 0.31 NR Oligopeptide transport
sdhC NR �0.75 � 0.19 NR Succinate dehydrogenase

a Cultures of MC1000 and YK410 and their respective flhD::Kan mutants were grown in LB at 34°C to an OD600 of 0.5 (columns 1 and 2). MC1000 was grown in
triplicate culture, and the combined data from four data sets are presented. YK410 was grown in four cultures, and data from five experiments were analyzed. Cultures
of MC1000 and its �aer derivative were grown in LB at 34°C to an OD600 of 0.5 (column 3). Each culture was grown in triplicate, and data from five experiments were
analyzed. A control experiment was performed with MC1000 and its argD::Gen derivative. Only genes that appeared unaffected by the mutation in argD are listed.
Genes are ordered by decreasing log expression ratios (column 2). EC numbers are given in parentheses for enzymes at first appearance. 	1.3 indicates an expression
ratio between 20- and 50-fold, and 	1.7 indicates an expression ratio between 50- and 100-fold. NR, not regulated. ND, not detected.

b In the early stage of this study, a slide was printed that contained the E. coli library printed in duplicate on three individual slides. These slides yielded a smaller
number of genes regulated by FlhD or FlhD/FlhC. However, nine genes appeared to be regulated in MC1000 that were not picked up by the high-density slide.
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Figure 3B compares the growth ratios for the strain pairings
MC1000-MC1000 flhD::Kan, YK410-YK4131, and YK410-
YK4136 on L-alanine, L-threonine, and glycine, the only nitro-
gen sources that provided differential growth conditions con-
sistently. The parental strain YK410 grew better on the three
nitrogen sources than did its flhD isogen, whereas flhC mutants
grew like the parental strain. No significant differences be-
tween wild-type cells and mutants were observed for MC1000.

The expression of the dadAX operon, encoding D-amino acid
dehydrogenase and alanine racemase, is necessary for growth
of E. coli on L- or D-alanine as a sole source of nitrogen (59,
60). As shown in Tables 3 and 4, the expression of dadA was
affected by FlhD and not FlhC. Mutants in flhD exhibited
reduced growth on L-alanine (Fig. 3B). This indicates that
dadAX regulation is most likely the cause of the phenotype of
the flhD mutant in the YK410 background. As a sole exception,
regulation of dadX could be demonstrated only by gene array
(Table 3) and not by real-time PCR (Table 4).

The gcvTHP operon encodes the glycine cleavage system,
the major pathway of glycine and L-threonine degradation, and
is required for growth on glycine and L-threonine as sole ni-
trogen sources (61, 62). As shown by gene array (Table 3) and
real-time PCR (Table 4), expression of all three genes of this
operon was 20- to 30-fold higher in wild-type cells than in flhD
mutants. The mutation in flhC had no effect. Mutants with
mutations in flhD exhibited reduced growth on glycine and
L-threonine (Fig. 3B). In summary, FlhD regulates the expres-
sion of cadBA, dadAX, gcvTHP, gltBD, and ompT and improves
growth on glycine, L-alanine, and L-threonine.

Functional group III contains membrane-associated com-
plexes and transporters. The csgA and csgFG genes are in-
volved in biosynthesis of curli and were expressed more highly
in wild-type cells than in the mutant (Table 2). The genes
dppABCD (dipeptide transport), rbsA (ribose transport), narK
(nitrate transport), and malE (maltose transport) were ex-
pressed more highly in the parental strains than in the mutant.
The genes oppCDF (oligopeptide transport) and mglC (galac-
tose transport) were repressed. The aer (oxygen sensor) gene
was expressed more highly in the parental strains than in the
mutants.

Functional group IV contains genes of uncharacterized
function. The group IV genes (Table 2) include hdeAB (puta-
tive acid stress chaperones), yfiD (pyruvate-formate lyase

homolog), and ycgC (dihydroxyacetone kinase). While these
genes seem interesting, this study focuses on the regulation of
genes of known function.

DISCUSSION

Membrane arrays and glass slide arrays. Membrane arrays
identified eight operons as being regulated by FlhD/FlhC (41).
The glass slide arrays used in this study identified 29 operons
of characterized functions (Fig. 1) and 12 genes of uncharac-
terized functions as being regulated by FlhD/FlhC. This in-
cludes five of the targets identified with membrane arrays; the
remaining three could not be confirmed with the glass slide
array. The large number of operons that were affected by
flhD::Kan as shown by glass slide arrays can in part be ex-
plained by the number of replicate slides, resulting in more
data points and better statistical analysis. Overall, the glass
slide arrays were more reproducible than the membrane ar-
rays. In contrast, the membrane arrays were more sensitive,
and operons like mreBCD (rod shape determination) and hydN
(modulator of hydrogenases), which are expressed at very low

TABLE 3. E. coli genes differentially regulated by FlhD and FlhCa

Gene
Log expression ratio

YK/flhD YK/flhC

gltD 	1.3 NR
dadA 1.04 � 0.33 NR
dadX 0.97 � 0.11 NR
gcvT 0.78 � 0.27 �0.32 � 0.16
gcvP 0.73 � 0.2 NR
gltB 0.62 � 0.31 NR
gcvH 0.6 � 0.1 NR
ompT 0.57 � 0.08 NR

a Cultures of YK410, YK4131, and YK4136 were grown in LB at 34°C to an
OD600 of 0.5. Each culture was grown in triplicate, and data from five experi-
ments were averaged. 	1.3 indicates an expression ratio between 20- and 50-fold.
NR, not regulated.

TABLE 4. Control experiments for all arraysa

Gene
Log expression ratio

MC/flhDC YK/flhD YK/flhC MC/aer

lacZ fusions
dmsA 1.1 � 0.14 0.3 � 0.1 0.7 � 0.05 1.4 � 0.12
napF 1.25 � 0.2 0.5 � 0.1 0.5 � 0.2 NR
nrfA 0.3 � 0.02 0.4 � 0.01 0.55 � 0.03 0.4 � 0.02
frdA 1.1 � 0.2 0.3 � 0.01 NR 1.2 � 0.1
glpA NR 0.35 � 0.08 0.23 � 0.04 0.3 � 0.04
mglB �0.3 � 0 �0.45 � 0.1 �0.4 � 0.19 NR

lux fusions
edd 0.56 � 0.1 0.5 � 0.0.08 0.56 � 0.06 0.43 � 0.04
serA 1.23 � 0.1 0.5 � 0.03 0.53 � 0.15 NR
aer 	2 0.5 � 0.08 0.45 � 0.16 NA
gltB 	1.7 	2 NR NR
gcvT �0.8 � 0.04 0.7 � 0.03 �0.7 � 0 NR
narK 	3 	2 	3 NR

Enzyme assays
sdh NR �0.4 � 0.15 �0.4 � 0.08 NR

Real-time PCR
gltA 0.68 � 0.26 �0.7 � 0.34 �1 � 0.9 NR
ompT ND 0.8 � 0.3 NR ND
dadA ND 0.8 � 0.6 NR ND
dadX ND NR NR ND
gltB ND 1.2 � 0.2 NR ND
gltD ND 1.1 � 0.3 �0.3 � 0 ND
gcvT ND 1.4 � 0.6 NR ND
gcvH ND 1.4 � 0.4 NR ND
gcvP ND 1.5 � 0.5 NR ND

a The expression of dmsA, napF, nrfA, frdA, glpA, and mglB was determined as
the activity of �-galactosidase from lacZ fusions. The expression of edd, serA, aer,
gltB, gcvT, and narK was determined as the production of light from luxCDABE
fusions. The enzyme activity of Sdh was determined. The expression of gltA,
ompT, dadAX, gltBD, and gcvTHP was determined by real-time PCR. Maximal
expression levels of wild-type cells were divided by those of the mutants and
converted to log expression ratios (MC1000/MC1000 flhD::Kan [column 1],
YK410/YK4131 [column 2], YK410/YK4136 [column 3], and MC1000/MC1000
�aer [column 4]). The table shows the averages over three or more experiments;
error bars indicate the standard deviations. NR, not regulated; ND, not deter-
mined; NA, not available.
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levels, were detected. This shows that the use of different
technologies is essential to identify as many targets as possible.

Gene arrays, reporter gene fusions, and real-time PCR. Be-
sides gene arrays, a number of other technologies have been
described that enable us to study gene regulation on a large
scale. The library of lux fusions that we have used in this study
has been constructed and used by T. K. Van Dyk for the

investigation of the responses to various stressful situations
(53–55). Inconsistencies between array data and lux fusion
assays have been described elsewhere (54). In this study, parts
of Van Dyk’s lux library together with several previously de-
scribed lacZ fusions (49, 57) were used to confirm the data
obtained by gene array. Of 14 targets that appeared regulated
by array and were tested with reporter gene fusions and en-

FIG. 2. Flow chart of respiration. The chart is drawn in a way that electrons flow from the left to the right. At the far left are electron donors,
in the middle are quinones, and at the far right are electron acceptors. Genes encoding dehydrogenases are in the circles to the left, and genes
encoding terminal reductases are in the circles to the right. Light gray circles above the dotted line indicate components of the aerobic respiratory
chain, and dark gray circles below the dotted line indicate components of anaerobic respiration. All genes that are regulated by FlhD/FlhC, as
determined by gene array, are printed in boldface. Genes that are repressed are underlined. All target operons except napF were confirmed with
reporter gene fusions.

FIG. 3. Phenotype MicroArrays. Cultures of MC1000, MC1000 flhD::Kan, YK410, YK4131, and YK4136 were inoculated onto PM1 (carbon
sources) (A) and PM3 (nitrogen sources) (B) plates. Growth was determined as the OD630 after 24 h. The values for the wild-type (WT) cultures
were divided by the values for the mutants. The figure shows the growth ratios for the strain couples MC1000-MC1000 flhD::Kan, YK410-YK4131,
and YK410-YK4136. Error bars indicate the standard deviations derived from two to five independent experiments.
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zyme assays, all 14 were confirmed as being regulated by FlhD/
FlhC. In addition, of six targets that appeared to be regulated
by Aer during gene array assays, five were confirmed with lux
and lacZ fusions. Only one gene among eight that were tested
by real-time PCR proved wrong. False positives seem to be
rare in our array. In contrast, false negatives were observed
more frequently. Many genes appeared to be regulated in only
one of the two parental strains that we used for this study.
However, control experiments with reporter gene fusions and
enzyme assays showed regulation in both genetic backgrounds.
While we cannot explain this phenomenon, it indicates that the
lack of regulation of some genes in one of the backgrounds is
a technical problem with the array rather than a biological
inconsistency between the strains.

Group I: components of energy metabolism. Previous anal-
ysis with Sigma GenoSys membrane arrays and lacZ fusion
strains (41) yielded a number of genes that were regulated by
FlhD/FlhC and are involved in anaerobic respiration. These
were napFAGHBC (periplasmic nitrate reductase), nrfABCDE
(nitrite reductase), dmsABC (dimethyl sulfoxide [DMSO] re-
ductase), and glpABC (glycerol 3-phosphate dehydrogenase).
In this study, additional FlhD/FlhC-regulated genes involved in
anaerobic respiration were identified. These are fdnGHI (for-
mate dehydrogenase), frdABCDE (fumarate reductase), and
hybACDEF (hydrogenase 2). Three components of the TCA
cycle and aerobic respiration, sdhCDAB (succinate dehydroge-
nase), cyoABCDE (cytochrome o ubiquinol oxidase), and gltA
(citrate synthase), were repressed in YK410. Apparently,
FlhD/FlhC is able to repress aerobic pathways in addition to
inducing anaerobic pathways (Fig. 2).

Regulation of gene expression in response to oxygen in E.
coli is complex (for a review see reference 51), and many global
regulators, such as flavin nucleotide reductase and ArcA/ArcB,
are involved (11, 13, 27). It is possible that a global regulator
links some of the metabolic targets of FlhD/FlhC. To find this
common element, the gene list of the flhD::Kan array (Table 2)
was searched for genes that are involved in the oxygen re-
sponse. The only gene fulfilling these criteria was the one
encoding the methyl-accepting chemotaxis protein Aer, and an
array was performed with a strain containing an aer deletion
(Table 2). Most of the genes involved in anaerobic respiration
were regulated by Aer. Four of the operons were confirmed
with lux and lacZ fusion strains. In contrast, expression of
genes involved in aerobic respiration and the TCA cycle was
unaffected by Aer. It seems that the pathway from FlhD/FlhC
to its final targets splits at the level of aer expression. This is the
first example of a methyl-accepting chemotaxis protein in-
volved in gene regulation. Considering the large number of
such proteins in some other bacteria (for example, Yersinia
enterocolitica, Bacillus cereus, or Clostridium botulinum), this
newly discovered mechanism may play a major role in bacterial
gene regulation.

The mechanism by which Aer regulates anaerobic respira-
tion remains unknown. Aer is known to sense intracellular
energy levels and transduce oxygen signals (6, 42). The signal
feeds into the CheA-CheY two-component system, and phos-
pho-CheY binds to the flagellar switch, changing the direction
of flagellar rotation. It is also possible that Aer is able to
connect to a two-component system that is involved in gene
regulation in response to oxygen. Candidates for such a role

include ArcA/ArcB (20, 50) or NarQ/NarP (46, 47). Alterna-
tively, Aer could regulate gene expression directly, without the
involvement of a two-component system. Preliminary data with
a cheY mutant indicate that this newly described regulation by
Aer is independent from its function as a chemotaxis protein
(data not shown).

In addition to anaerobic respiration, FlhD/FlhC also regu-
lates the Entner-Doudoroff pathway through induction of Aer
(Tables 2 and 4 and Fig. 3A). The occurrence of the Entner-
Doudoroff pathway in all three phylogenetic domains together
with the absence of the Embden-Meyerhof-Parnas pathway in
saccharolytic archea (12, 38) indicates that the Entner-Dou-
doroff pathway is the older pathway for carbohydrate dissimi-
lation (44). It is the major route for the degradation of sugar
acids, such as D-gluconate, D-glucuronate, and D-galacturonate,
all of which are present in high concentrations in the mouse
large intestine (2). The Entner-Doudoroff pathway is also in-
volved in the degradation of L-idonate (5) and in the response
to several stress conditions, such as phosphate (52) and nitro-
gen (31) limitation. Mutants with mutations in Eda, the central
enzyme of the Entner-Doudoroff pathway, have similar phe-
notypes as flhD/flhC mutants. They are unable to grow on
D-gluconate, D-glucuronate, and D-galacturonate. Peekhaus
and Conway (34) hypothesized that sugar acids are the daily
bread of E. coli and that the Entner-Doudoroff pathway is an
important aspect in the physiology of this bacterium.

Group II: other metabolic enzymes. A number of genes were
regulated that are related to carbon and nitrogen metabolism.
Previous observations (37, 40) indicate that consumption of
L-serine may lead to reduced acetyl phosphate levels and de-
repression of flhDC expression. Simultaneously, flagella are
induced and the cell division rate is reduced (36). This study
shows the regulation of additional metabolic targets by FlhD
or FlhD/FlhC.

L-Serine can be directly converted to glycine, which is then
degraded by the glycine cleavage system encoded by gcvTHP
(61, 62). As L-serine is consumed, one might expect the glycine
concentration to increase, increasing the demand for the Gcv
system. On the other hand, L-serine is not only catabolized but
is directly used in protein synthesis. Once L-serine is consumed,
the demand for the biosynthetic pathway, the first gene of
which is serA, is likely to increase (43). The gene products of
gltBD (33) convert glutamine to glutamate. Consecutively, glu-
tamate and 3-phosphohydroxypyruvate are converted to phos-
phoserine and 
-ketoglutarate by the gene product of serC, the
second gene in serine biosynthesis. Carbamoylphosphate syn-
thetase, encoded by carAB, represents an alternative way of
fixing ammonia (18). This reaction makes nitrogen available
for pyrimidine nucleotide and arginine biosynthesis. The gatYZ
gene products convert galactitol to glyceraldehyde 3-phosphate
(30). It seems that FlhD and FlhD/FlhC play a role in balanc-
ing amino acid degradation and biosynthesis pathways.

Regulation of gcvTHP is complex. For YK410, gene array
(Table 2), Phenotype MicroArray (Fig. 3B), and real-time
PCR (Table 4) showed that gcv is induced by FlhD. Reporter
gene fusions (Table 4) showed up-regulation by FlhD and
down-regulation by FlhC. For MC1000, gene array (Table 2)
and lux fusions (Table 4) showed repression by FlhD. On
phenotype microarray plates, flhD mutants did not have a
phenotype in MC1000 (Fig. 3B). While we cannot explain this
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phenomenon, it certainly underscores the complex regulation
of many genes. The ratio of several regulatory factors may
decide the final behavior of some operons.

One of the most interesting aspects of FlhD is its potential
for combinatorial specificity. Induction of flagellar genes (24)
and eight nonflagellar targets (41) required both FlhD and
FlhC, acting as a heterotetramer. In contrast, reduction of the
cell division rate (36) and the induction of cadBA (39) ap-
peared to be regulated by FlhD alone. This is consistent with
the hypothesis that FlhD may change its binding specificity by
interacting with different partner proteins. In this study, three
new targets of FlhD were identified. In summary, FlhD regu-
lates cadBA, gcvTHP, gltBD, and ompT expression (Tables 3
and 4). Regulation of gcvTHP and dadAX leads to improved
growth on glycine, L-alanine, and L-threonine (Fig. 3B).

Group III: membrane-associated complexes and transport-
ers. Curli are thin aggregative fibers, allowing E. coli to colo-
nize inert surfaces (for a review see reference 19). Two oper-
ons are transcribed divergently, csgBA and csgDEFG. CsgF and
CsgG may be involved in secretion and assembly of CsgA, the
major fiber subunit. A mutation in OmpR significantly in-
creased the expression of csgA (56). Since OmpR is a repressor
of flhDC expression (45), it is possible that this effect was due
to increased expression of flhDC in the OmpR mutant.

MalE is a maltose binding protein and interacts with the as-
partate receptor Tar (64). RbsA and MglC are part of the high-
affinity ribose and galactose transport systems RbsDACBKR
(21, 32) and MglBAC (16). DppABCDE (1) and OppABCDE
(48) constitute transport systems for dipeptides and oligopep-
tides. Aer is a signal transducer for aerotaxis (6, 42). All of
these transporters feed into the chemotaxis signaling system.

Global regulation. In recent years, the number of studies of
global regulation has increased dramatically. Overlapping re-
sponses to a variety of stresses have been observed. For exam-
ple, the effects of pH on gene expression are known to intersect
with oxygenation (10, 29). This study describes the induction of
several components of anaerobic respiration by FlhD/FlhC,
constituting an intersection of FlhD/FlhC regulation and the
response to oxygen. Several components of the acid response
are regulated by FlhD/FlhC. Blankenhorn and coworkers (7)
described the induction of tnaA and malE under high-pH con-
ditions and the induction of yfiD and gatY under low-pH con-
ditions. All of these were induced by FlhD/FlhC. Increased
expression of hdeAB was observed upon treatment of bacteria
with acetate (3) and in the presence of H-NS (63) and FlhD/
FlhC (this study). Other acetate-regulated genes include oppA,
tnaA, malE, mglB, and gatY (22), all of which are regulated by
FlhD/FlhC. It seems that the response to many stresses is
overlapping and that E. coli possesses sets of genes that are
involved in multiple stress responses.
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